Abstract: Poly(ethyl glyoxylate) (PEtG), a new polyacetal, was synthesized via anionic polymerization in CH 2 Cl 2 . End-capping was achieved using phenyl isocyanate. Average molecular weights in the range of 9000 -216 000 were obtained. C NMR characterization highlight the non-stereoregularity of PEtG. The polymer is quasi-atactic and the polymerization almost followed a Bernoulli process. Compared to its homologue poly(methyl glyoxylate), PEtG exhibits enhanced thermal stability (>200°C) and a lower glass transition temperature, T g . Molecular weight influences T g , but does not affect thermal stability.
Introduction
Methyl and ethyl glyoxylate (MG, EtG) are useful reagents in organic chemistry. The α-keto-ester functionality of these compounds is reactive and participates in electrocyclic processes (Diels-Alder reaction [1, 2] , ene reaction [3] ) and various condensations (aldol [4] , Friedel-Crafts [5] , ...). But in contrast to its homologue methyl glyoxylate, ethyl glyoxylate polymerization has never been studied before. Anionic and cationic polymerization of MG were studied by several authors [6] [7] [8] [9] [10] [11] . In vitro degradation studies on poly(methyl glyoxylate) (PMG) show that this polyacetal is a biodegradable polymer [12] the final derivative of which is glyoxylic acid, a Krebs metabolite [13] . PMG was therefore of great interest. Monsanto Company was interested in PMG as a biodegradable detergent builder or complexing agent [6] [7] [8] . Brachais et al. [14] used it as polymer matrix for controlled drug release of Metoprolol ® . Vaugelade et al. [15] worked on partially saponified PMG copolymers for progesterone release in emergency therapy. Nevertheless, PMG industrial development has been limited owing to the low molecular weight of the synthesized polymers because of the presence of impurities, even in freshly distilled MG, acting as transfer agents, but also because of their limited chemical stability. Authors have determined a ceiling temperature which, when end capping was incomplete, led to a depolymerization process initiated by the breaking of the hemiacetal end groups [16] .
As shown by Brachais et al. [13] end-capping could be achieved by etherification or esterification reaction, but in these cases spontaneous depolymerization still occurred in diluted media or at room temperature and thermal stability was not improved.
However, no depolymerization was observed when isocyanates were used as endcapping reagents.
Moreover, even if in vivo experiments show that PMG could be used in human body [14] , traces of methanol released during degradation prohibited this kind of application. We therefore focused on EtG polymerization, which should lead to a biodegradable polymer, namely poly(ethyl glyoxylate) (PEtG). Subsequent degradation should release ethanol and glyoxylic acid, both in agreement with pharmaceutical applications. This paper deals with the synthesis, characterization and thermal properties of PEtG, a new potentially biodegradable polyacetal. The influence of molecular weight on its thermal properties is also discussed.
Experimental part

Materials
Ethyl glyoxylate in toluene solution (50% w/w) was kindly supplied by Clariant. Triethylamine (Acros) was distilled over KOH before use. Dichloromethane (CH 2 Cl 2 ) was distilled over sodium and placed over molecular sieves 4 Å. Dibutyltin dilaurate (DBTL) and phenyl isocyanate (Aldrich), respectively, catalyst and end capping agent, were used as received. All tested organic solvents were RP grade ones used without further purification.
Synthesis
Distillation of the commercial product was carried out in vacuum over P 2 was then added to the monomer (50% w/w) and the solution was polymerized one hour at -20°C under N 2 using triethylamine (Et 3 N) as initiator (5·10 -5 mol-%). An excess of phenyl isocyanate was then added to end-cap the polymer in the presence of DBTL (catalyst). The solution was stirred for 24 h at room temperature and one night at 40°C. Purification was then realized by two precipitations into petroleum ether and methanol, respectively, after which the polymer was dried in vacuum at 30°C for 48 h. Yields after the work-up procedure were close to 40%.
Thermal analysis
Polymer thermal stability was assessed using a Perkin Elmer thermogravimetric analyser (TGA7). The heating rate was 10°C/min from 75 to 400°C under N 2 and the samples weighed about 10 mg. Isothermal experiments were carried out between 100 and 170°C with a PEtG sample of M n = 216 000.
Differential scanning calorimetry (DSC) studies were carried out with a Perkin Elmer analyser (DSC7). The heating rate was 20°C/min and the samples weighed about 10 mg. Calibration was achieved with indium as reference material. The reported T g 's were taken at half heat capacity. 1 H and 13 C NMR experiments were performed in DMSO-d 6 at 313 K using a Bruker ARX 400 spectrometer equipped with a 5 mm QNP probe.
NMR studies
Size exclusion chromatography (SEC)
Molecular weights were obtained by SEC in dichloromethane using a Waters pump model 6000, a Rheodyne injector, a Shimadzu refractive index detector RID-6A, and two PLgel 5µ mixed-C linear columns. The system was calibrated using polystyrene standards.
Results and discussion
To our knowledge, EtG has never been polymerized. Nevertheless, like MG, EtG readily oligomerizes in contact with moisture and commercial products often contain oligomers. A distillation step is therefore necessary prior to any polymerization. According to literature, homopolymerization of MG is optimum (highest yields and molecular weights) when working in CH 2 Cl 2 at -20°C in the presence of triethylamine as initiator [17] . However, the resulting polymers have to be correctly terminated, otherwise depolymerization occurs because of a low ceiling temperature (107°C in bulk) [9, 10] . Among the numerous termination reagents tested [17] [18] [19] [20] , isocyanate end-capping was found the most effective since PMG exhibits hydroxyl functions at the chain ends owing to transfer reactions occurring during polymerization. It was assumed that these transfer reactions are promoted by the presence of traces of water or hydrate of glyoxylic acid which come from side reactions of P 2 O 5 on industrial oligomers of MG [21] (Fig. 1 The quantitative 13 C NMR spectrum (Fig. 4) exhibited four main peaks attributed to the corresponding carbons of the chain backbone. As observed previously, multiplicity was also observed for the acetalic carbon as well as for the carbonyl one. Pentads (even heptads) can be observed which makes PEtG much more sensible to configuration effects than PMG for which only triads were evidenced [22] . PEtG was found mainly atactic using the 13 At least triads can be distinguished for the 13 C NMR CH signal in the 91 -94 ppm range but yet correspond to unknown tacticities (Fig. 3: aa, ab, bb) . Thus, the corresponding dyad fractions can be calculated as follows: Assuming that the polymerization process could be described by Bernoulli statistics, P a = a = 0.535 (or P b = b = 0.465). Triad fractions were then calculated and found close to the experimental values (Tab. 3). Nevertheless, one can notice that the ab experimental value is slightly higher than 0.5, which should not agree with Bernoulli statistics. It is reasonable to think that this result is only due to a low overlapping of the 'n-ads'. Pentad values were also calculated (Tab. Fig. 4 ).
n
To match the experimental value, the bbbb signal had to be grouped with the babb and baba ones, meaning that these signals were overlapped for the carbonyl signal. A very similar distribution of the pentads was already observed for polypropylene [23] . According to these results, no preferential insertion mode was clearly observed for the anionic polymerization of EtG, which is unusual. Often ionic polymerization exhibits a coordination of the catalyst to the substituent in the penultimate unit, which affects the insertion mode, leading to a non-Bernoulli process.
SEC
Polymer molecular weights were determined by SEC in dichloromethane at room temperature (Fig. 4) . Values ranged from 9000 to 216 000 in polystyrene equivalent with polydispersities of 1.8 ± 0.2 (Tab. 4). All molecular weights were lower than the calculated ones according to the triethylamine content. Like for PMG, this was attributed to transfer reactions occurring during polymerization, which lead to hydroxyl chain-ends (Fig. 1) . The molecular weight were also estimated by 1 H NMR (Tab. 4). Values were obtained as follows, using the integrations of acetalic protons (I CH ) and phenyl protons (I ph ), assuming one phenyl group at each extremity: A linear evolution of M n NMR versus M n SEC was observed (Fig. 5) . However there is a great difference between M n NMR and M n SEC . At first sight this could be related to our work-up procedure. Phenyl isocyanate is always used in excess. A fixed amount is added to the reaction mixture, therefore, as M n increases, the number of extremities decreases and the excess of free isocyanate increases (from 2 to 50 times!) and could lead to secondary allophanate reactions. For that reason chain ends could be composed of more than two phenyl groups, particularly for high M n values, and could explain the increasing gap between M n NMR and M n SEC as the chain length increases. Following this discussion, M n SEC will be used in this paper. 
Thermal properties
Thermal stability of PEtG was assessed by TGA experiments. Scan temperature experiments showed that end-capping PEtG with phenyl isocyanate was effective since degradation occurred at higher temperatures than for non-terminated PEtG. Molecular weight did not influence T s and T max , the starting and maximum degradation temperatures, respectively (T s = 150± 5°C, T max = 250± 5°C) (Fig. 6 ).
According to the isothermal study on PEtG ( Fig. 6 ; M n = 216 000), thermal stability is enhanced for a larger ester group (ethyl) with regards to PMG (methyl). Little degradation (≈ 0.5%) was observed at 130°C after one hour (Fig. 7) while, in the same time, 5% weight loss was mentioned for PMG (M n = 100 000) [11] .
Glass transition temperature, T g
The usual increase of T g versus M n is shown in Fig. 8a . Influence of molecular weight on T g is depicted in Fig. 7b and is not well represented by the common equation:
Nevertheless, ∞ g T = 294 K could be estimated as the value of the slope at origin. As expected, this value is lower than the PMG one (305 K) since it is well known that, when the length of the linear alkyl ester group increases, the resulting T g decreases owing to the free volume. 
Conclusion
Poly(ethyl glyoxylate), a new polyacetal, was synthesized via anionic polymerization, which almost followed a Bernoulli process according to NMR experiments. Molecular weights ranging between 9000 and 220 000 were obtained. End-capping of this polyol with phenyl isocyanate was effective according to NMR and thermogravimetrical analysis. Compared to its homologue PMG, PEtG shows enhanced thermal stability and lower T g . Due to its ultimate degradation products (ethanol and glyoxylic acid), PEtG is thus of great interest for pharmaceutical or environmental applications.
